ABSTRACT: Dielectric relaxation of the ionic liquid, 1-ethyl-3-methylimidazolium ethyl sulfate (EMI + ETS − ), is studied using molecular dynamics (MD) simulations. The collective dynamics of polarization arising from cations and anions are examined. Characteristics of the rovibrational and translational components of polarization dynamics are analyzed to understand their respective roles in the microwave and terahertz regions of dielectric relaxation. The MD results are compared with the experimental low-frequency spectrum of EMI + ETS − , obtained via ultrafast optical Kerr effect (OKE) measurements.
■ INTRODUCTION
Dielectric relaxation and the related conductivity of a condensed-phase system arise from molecular motions that modulate its local electric dipole moment.
1 Far-IR (FIR) and terahertz spectroscopy offers an excellent experimental tool to probe these motions, both the individual and the collective (inter)molecular motions, subject to the influence of the local structure. Dielectric absorption data obtained by these techniques as well as via microwave spectroscopy have been very useful in theoretical modeling and understanding of the dynamics in polar solvents and ionic solutions.
2−9
Ionic liquids (ILs) consisting of bulky organic cations paired with organic or inorganic anions are characterized by an anisotropy in the charge distribution and shape. These attributes make ILs an interesting and challenging class of materials to understand their dielectric and related properties, as they have characteristics of both polar liquids and ionic melts. At the molecular level, IL ions have both a net charge and a permanent dipole moment (except for highly symmetric anions such as PF 6 − and BF 4 − ). At the dielectric or mesoscopic level, these properties result in significant ion conductivity and dielectric permittivity. According to many simulation studies, 10−15 the collective reorientational and translational motions of the ions make differing contributions to the dielectric relaxation in the gigahertz and terahertz regions. In this respect, spectroscopic measurements in both the microwave and FIR regions would be needed to fully resolve and understand the cation−anion interactions and their dynamics in these Coulomb fluids.
16−18
The static dielectric constant ε 0 , arising from collective ion reorganization via both reorientation and translation in response to an external electric field, ranges between ∼10 and ∼16 for most ILs. 10,16,19−22 Despite their modest ε 0 value, 23 the effective polarity of ILs, which is measured as solvatochromic shifts gauging their capability of solvating dipolar solutes, is comparable to and often in excess of that of highly polar solvents, such as acetonitrile. 24 Interestingly, the ε 0 value of many ILs shows a weaker temperature dependence than for polar solvents. The antagonistic roles played by IL ion translations and reorientations are responsible for this behavior. The former and latter tend to increase and decrease ε 0 , respectively, as temperature rises. 15 In this article, we examine the dielectric relaxation of 1-ethyl-3-methylimidazolium ethyl sulfate (EMI + ETS − ), one of the first ILs commercially available. Its halide-free synthesis was first studied by Holbrey and co-workers 25 and aspects of reactor design were discussed by Boẅing and Jess. 26 Its static dielectric constant is considerably higher than the typical value for many other ILs; the ε 0 value for EMI + ETS − was reported to be 27.9 in ref 21 . In addition to its use as a green solvent, EMI + ETS − has a potential application in chemical separation, in particular, in the separation of azeotropic mixtures. 27 Therefore, extensive attention has been paid to its bulk and interfacial properties.
28−39 Herein, we investigate the dielectric susceptibility of EMI + ETS − in the gigahertz and terahertz regions via MD and analyze the respective roles played by translational and reorientational motions of cations and anions. The spectroscopic information extracted from the MD simulations is compared with the dielectric loss spectroscopy results 40 as well as with the low-frequency spectrum obtained from ultrafast optical Kerr effect (OKE) measurements.
■ THEORY AND METHODS
Dielectric Relaxation and Ion Conductivity. We begin with a brief reprise of the linear response theory for dielectric relaxation (for details, see refs 10 and 14) . The electric susceptibility χ(ω) is defined as
where M̅ tot (t) is the average total dipole moment of the system at time t induced by a time-dependent homogeneous electric field E(t), V is the volume, q i,α and r i,α are, respectively, the charge and position of the site i of ion α, and the sum is taken over charge sites of all ions. Generalized dielectric constant ε(ω) and conductivity σ(ω) are introduced as
where prime and double prime denote, respectively, the real and imaginary parts of ε(ω) and σ(ω). ε(ω) and σ(ω) are phenomenological coefficients that relate, respectively, the electric polarization and its time derivative (i.e., electric current) to the electric field. Therefore, ε(ω) and σ(ω) contain precisely the same information on the system's polarization dynamics. Because ionic systems are characterized by nonvanishing dc conductivity, i.e., σ(0) = σ′(0) ≠ 0, we introduce ε c (ω)
which does not diverge as ω approaches 0. Experimentally, the static dielectric constant ε 0 is determined as
The fluctuation−dissipation theorem relates χ(ω) to the time correlation of M tot as
where k B is Boltzmann's constant and T is the temperature. 
where q α and r cm,α are the net charge and the position of the center of mass of ion α and μ cm,α is its dipole moment with respect to its center of mass. χ(ω) in eq 5 then becomes 
where J tr cm is the ionic current due to the translational motions of ion center of mass
and the cross-correlation functions satisfy Φ JM cm (t) = −Φ MJ cm (t). It should be noted that, though ion reorientational motions about their center of mass are the main contributor to M rot cm , their internal vibrations also make a contribution (see below). As in refs 14 and 15, we also introduce ε rot cm (ω) and ε tr cm (ω) 
The decomposition of M tot via eq 6 and thus of ε c (ω) into ε rot cm (ω) and ε tr cm (ω) via eqs 7−9 has an important advantage in that it enables us to understand characteristics of different molecular motions in ILs and their roles in the dielectric relaxation and related phenomena. Reorientational (plus vibrational) and translational motions of ions and their crosscorrelations contribute to χ 1 cm (ω) and χ 2 cm (ω) of ILs (eq 7). Because translational and reorientational motions are usually decoupled, the contribution of the cross-terms is very small. Therefore, ε rot cm (ω) and ε tr cm (ω) arise primarily from reorientations (and vibrations) of individual ions with respect to, and translations of, their center of mass and thus can shed light on details of ion dynamics in ILs. We nonetheless note that the decomposition is for convenience and that physically measurable quantities such as χ(ω) and ε(ω) do not and should not depend on the decomposition scheme employed.
Simulation Models and Methods. Molecular dynamics simulations were performed in the isothermal−isobaric (NPT) ensemble using the GROMACS simulation package. 41 Nose− Hoover temperature coupling and Parrinello−Rahman pressure coupling were used. A fully flexible but nonpolarizable all-atom description based on the OPLS-AA force fields 42 was employed to describe intermolecular interactions. Specifically, the force field parameters of ref 43 were used for 1-ethyl-3-methylimidazolium (EMI + ), whereas the parameters for ethyl sulfate (ETS − ) were taken from ref 44 . The simulation cell comprises 128 pairs of EMI + and ETS − ions in a cubic box with periodic conditions applied. The long-range electrostatic interactions were computed via the particle-mesh-Ewald
The Journal of Physical Chemistry B Article method, resulting in essentially no truncation of these interactions. Three trajectories were simulated at 350 K and 1 atm, using the Verlet leapfrog algorithm with a time step of 1 fs. For each trajectory, simulation was carried out with 1.5 ns of annealing from 600 K and 10 ns of equilibration at 350 K, followed by a 30 ns production run. Averages were computed using three 30 ns trajectories thus generated, corresponding to a total of 90 ns simulation.
■ RESULTS AND DISCUSSION Dielectric Relaxation. At the outset, we mention that cross-correlations, Φ JM cm (t) and Φ MJ cm (t), between the collective center-of-mass dipole moment M rot cm (t) and the ionic current J tr cm (t) are found to be insignificant and thus do not play any important role in ε rot cm (ω) or ε tr cm (ω) for the EMI + ETS − system studied here. With this in mind, we first consider ε rot cm (ω) in Figure 1 , which arises from ion reorientational dynamics. Most noticeable is a strong band at ω ≈ 1.2 × 10 −3 ps −1 (f ≈ 0.2 GHz), which spans a very broad frequency range from ω ≈ 0.001 to 0.1 ps −1
. The monotonically decreasing behavior of ε rot cm ′(ω) with the increasing frequency clearly indicates that this band is due to dissipative modes. For additional insight, we analyzed the respective contributions of the cations and anions.
The results in Figure 1b show that the gigahertz band is dominated by the anions. This is as expected because the center-of-mass dipole moment 7.19 D for ETS − is much larger than 1.94 D for EMI + in the force-field description 43, 44 employed in our study. All other things being equal, the peak intensity will be proportional to square dipole moment because M rot cm scales linearly with the center-of-mass dipole moment (eqs 6 and 7). We also notice that the anion peak is shifted toward higher frequencies, compared to the cation peak. This suggests that the anion reorientations are slightly faster than the cation reorientations (results not shown).
Recently, the microwave region of EMI + ETS − was studied via dielectric relaxation spectroscopy. 40 Though in good qualitative agreement, we note a couple of differences. First, the MD prediction for the peak frequency of the gigahertz band is lower than the experimental result (ω ≈ 7 × 10 −3 ps −1 ) 40 by a factor of ∼6. This is not surprising in that nonpolarizable force-field models for ILs with integral ionic charges tend to underestimate their transport coefficients considerably. This state of affairs would be improved with the inclusion of electronic polarizability in the potential model; according to previous studies, 45−48 it would accelerate IL transport dynamics by a factor of ≲2. Another difference is the assignment of the MD results for (a) the real (black) and imaginary (red) parts of ε rot cm (ω) and (b) the respective contributions of the anion and cation center-of-mass dipole moments. In (b), the anion contributions are displayed in blue (real) and green (imaginary) and the cation contributions in black (real) and red (imaginary), respectively. The contribution from the cross-correlation of the anion and cation center-of-mass dipoles is small and thus is not shown. The Journal of Physical Chemistry B
Article gigahertz band; although we attribute it primarily to anions as discussed above, it is assigned mainly to cation reorientations in ref 40 .
Another interesting aspect of Figure 1b is that though weak in intensity, the anions yield a discernible band structure in the frequency range between ∼1 and ∼20 ps (Figure 1a) . The contribution of the anions (12.0) is much higher than that of the cations (0.8) (Figure 1b) for precisely the same reason the ε rot cm ″(ω) peak in the gigahertz region above is much more intense for the former than the latter. The cationic contribution to ε rot cm ′(0) obtained here compares very well with that for the EMI + PF 6 − system studied in ref 14 . However, the overall ε rot cm ′(0) value of the EMI + ETS − system is much higher than that of EMI + PF 6 − as PF 6 − anions of the latter IL do not contribute to ε rot cm ′(0) due to their high spherical symmetry.
We turn to Φ JJ cm (t) and ε tr cm (ω) in Figure 2 . As mentioned above, the cross-correlation between M rot cm (t) and J tr cm (t) is negligible, so that ε tr cm (ω) is governed essentially by the current autocorrelation Φ JJ cm (t) (cf. eq 7), i.e., ion translational dynamics. The dc conductivity needed in the calculation of ε tr cm (ω) (eq 9) was determined via
Analogous to other imidazolium-based ILs, 11,14,15,49 Φ JJ cm (t) in Figure 2a exhibits a rapid oscillatory decay, followed by dissipative relaxation. Its oscillation period is found to be ∼0.3 ps, and the ionic current becomes strongly anticorrelated, viz., Φ JJ cm (t) < 0, in less than 0.2 ps. This reveals the librational character of ion translational motions at short times. The relaxation of Φ JJ cm (t) is nearly completed in less than 1 ps, indicating that its main contribution to ε c (ω) occurs in the terahertz frequency region. As shown in Figure 2b , ε tr cm (ω) is characterized by a significant absorption band in the 0.1 ps −1 ≲ ω ≲ 20 ps −1 (0.015 THz ≲ f ≲ 3 THz) region. The transition from the anomalous to normal dispersion in ε tr cm ′(ω) near ω = 20 ps −1 confirms that the absorption mode there has a resonance character (i.e., oscillatory decay of Φ JJ cm (t)), 14, 15 which was indeed observed in a recent spectroscopic study. 50 The broad and multipeak character of the terahertz band suggests that there is at least one more mode near ω = 0.3 ps −1 . This sub-terahertz mode is ascribed to dissipative relaxation of Φ JJ cm (t) mentioned above. 
The last expression of eq 11 reveals that the positive ε tr cm (0) value is due to the aforementioned strong anticorrelation of Φ JJ cm (t); i.e., the current autocorrelation function becomes negative-valued during relaxation. 14 For additional insight, respective contributions of the cations and anions and their cross-terms to ε tr cm (ω) are compared in Figure 2c . The most noteworthy feature is that the contribution of the cation−anion cross-correlation is comparable to the contributions of the cation and anion autocorrelations. 
where m (±) and J tr (±) are the masses and ionic currents of the cations and anions. Therefore, the temporal behaviors of the autocorrelations of J tr . As a result, the ratio of the contributions to ε tr cm (ω) from the J tr (+) autocorrelation, the J tr (−) autocorrelation, and their two cross-correlation terms are 1:0.81:1.8.
For completeness, the full dielectric response function ε c (ω) (=ε rot cm (ω) + ε tr cm (ω)) and the conductivity σ(ω) (eq 2) are presented in Figure 3 . The absorption intensity indicates that the main dielectric loss in EMI + ETS − occurs in the microwave region via ion reorientations. Nevertheless, ion translational and rovibrational dynamics yield a broad band consisting of multiple resonance and dissipative modes in the far-IR region as analyzed above.
The MD result for the overall dielectric constant for EMI + ETS − is 16.2 at 350 K. Because no dielectric measurements have been made at this temperature to our knowledge, we have estimated the experimental value of ε 0 by extrapolating the results reported in ref 40 . Regardless of the fitting functions we used, we obtained ε 0 ≈ 24−26 at 350 K. The disagreement between the MD and experimental estimate indicates the limitations of the force-field model description, such as the absence of electronic polarizability, employed in the present work. For example, an increase in the ion center-of-mass dipole by ∼20% would increase the contribution of ion reorientations to ε 0 by ∼45% from 12 to ∼17.5 for anions and from 1.8 to ∼2.6 for cations. All other things being equal, this would result in the overall dielectric constant of ∼22.5. The incorporation of the acidic nature of the ring hydrogen atom at the C2 position of EMI + into the force field parametrization would also increase the cation contribution to ε 0 . Another potential source for the disagreement is the uncertainties in the experimental determination of ε 0 ; for instance, at 298 K, the ε 0 value reported in ref 40 is 35.2 whereas it is 27.9 in ref 21 .
We also note that unlike the dipolar solvents, the interactioninduced contributions to FIR of EMI + ETS − are reasonably captured in MD despite the neglect of electronic polarizability. To understand this point better, we consider as an example the well-known 180 cm −1 mode present in the FIR (and depolarized Raman) spectrum of water, arising from intermolecular hydrogen bond stretching motions. If the electronic polarizability of water is ignored, the total dipole moment M tot of the system is no longer modulated by relative translational motions of water because dipole moments of electrically neutral molecules are invariant under translations. This means that intermolecular hydrogen bond stretching motions do not influence M tot and, as a result, the 180 cm −1 band will disappear in FIR of water determined with nonpolarizable force fields. 51 By contrast, relative translational motions of nonpolarizable ions do alter the total dipole moment of the IL system because they all have nonvanishing charges. Therefore, fluctuations of intermolecular interactions via ion translations are reflected to a large extent in the MD result for FIR of EMI + ETS − . The presence of the terahertz band in ε tr cm (ω) discussed above is a direct consequence of this feature.
Comparison with Experimental Data. Finally, we compare the MD predictions with experimental results for the low-frequency spectrum of EMI + ETS − . To this end, an OKE experiment was carried out at T = 298 K. Details of the experimental setup and procedure can be found elsewhere. 17, 52, 53 To avoid any confusion, we should note that OKE is a time-domain analog of conventional depolarized Raman spectroscopy, whereas FIR is an absorption technique. Hence, their selection rules are different (i.e., polarizability anisotropy vs dipole fluctuations) and some modes will appear only in one of the two spectra.
With this difference in mind, we proceed to the lowfrequency OKE spectrum of EMI + ETS − and its fitted profiles in Figure 4 . The individual profiles represent different contributions to the OKE signal. At the very low frequency end, the signal is dominated by rotational diffusion, which is modeled as a Cole−Davidson function with an inertial rise. The very broad feature peaking around 0.02 THz is modeled as a logarithmic decay with an inertial rise and termination at the low-frequency end. The dominant librational mode is the broad band peaking at about 2.5 THz. It is represented by a convolution of Gaussian and Brownian oscillators to account for inhomogeneous and homogeneous broadening, respectively. The peaks at higher frequencies are well reproduced by homogeneously broadened profiles. For details on the data analysis and theoretical considerations, the reader is referred to ref 17. In Figure 5a , the experimental OKE spectrum (≲700 cm −1 ) and the simulated IR spectrum calculated by Fourier transformation of the total dipole moment correlation are compared. Although some peaks in the experimental OKE spectrum agree well with the MD results for FIR, some other OKE peaks are not reflected in the computational spetrum. One of the possible reasons for this discrepancy is the difference in temperature, i.e., 298 K for OKE vs 350 K for FIR. However, according to previous simulation studies of imidazolium-based ILs, 15, 54 frequencies of resonance modes in dielectric loss and timeresolved fluorescence spectroscopies are not that sensitive to temperature though their intensities, especially in the former, are. Another reason is the difference in selection rules as mentioned above. For example, the broad band in the range 10−150 cm −1 with a peak at 67 cm −1 in the experimental OKE spectrum shows a rather significant deviation from the calculated FIR structure at 118 cm −1 . However, a closer look at Figure 5b , in which the rovibrational and translational contributions of the ions to the computational spectrum are displayed, suggests that the broad OKE band at 67 cm −1 is governed mainly by the rovibrational motions, in particular, hindered rotations, of anions. In this sense, a shoulder structure around 130 cm −1 in the anion rovibrational component in the MD results correlates reasonably well with the OKE peak at 155 cm −1 . Nonetheless other motions, such as hindered translations of ions responsible for the FIR peak at 118 cm −1 , can also contribute.
In the range between 200 and 500 cm −1
, the experimental OKE spectrum exhibits peaks at 243, 297, 345, and 422 cm −1 . In the computed IR spectrum, a couple of weak translational The MD results, however, exhibit a weak but broad band in this range, which is attributed mainly to the ethyl group of the cation. It should nonetheless be noted that the experimental data exhibit a low-intensity shoulder around 390 cm −1 , in agreement with the simulated spectrum. At higher wavenumbers, the OKE spectrum shows a pronounced double-peak structure around 590 cm −1 , whereas the simulated spectrum exhibits a very strong peak at 545 cm −1 with a shoulder structure at both wings. The comparison with previous Raman and IR analysis 29 indicates that these spectral features have different origins. The OKE peaks agree well with the Raman mode at 596 cm −1 , assigned to an N−C stretching vibration of the cation, whereas the peak in the simulated IR spectrum arises from rovibrational modes, in particular, SO 3 wag, of the anion.
The absorption spectra of EMI + ETS − in the terahertz region have been studied by Wulf et al. 55 They found pronounced peaks at 106 and 245 cm −1 with minor structures around 160 and 295 cm −1
. The latter three are in good accord with the experimental OKE and the MD results. In addition, the absorption peak at 106 cm −1 shows a reasonable agreement with the broad band at 118 cm −1 in the simulated IR spectrum, arising from hindered translations. Interestingly, when the very broad low-frequency region of the OKE spectrum was analyzed through fitting as described above (i.e., a logarithmic decay with an inertial rise and low-frequency termination), it yielded a peak at 98.4 cm −1 (Figure 4 ). This is in reasonable agreement with the absorption peak at 118 cm −1 . Wulf et al. assigned this peak to the stretching vibration of the interionic hydrogen bond.
■ CONCLUSION
In this article, we reported a detailed analysis of the far-IR, dielectric relaxation, and conductivity behaviors of EMI + ETS − by employing MD simulations. The analysis of ion reorientational dynamics predicts that ETS − anions play a major role in dielectric relaxation in the gigahertz and lower frequency regions because their center-of-mass dipole moment is much larger than that of EMI + cations. By contrast, both cations and anions and their cross-correlations make significant contributions to dielectric relaxation in the terahertz domain through hindered translational motions. Our analysis indicated that lowfrequency vibrations of anions, in particular, bending motions involving their CH 3 and CH 2 groups also contribute to the terahertz region though their contributions are much smaller than those of ion translational dynamics.
Comparison of the simulated far-IR spectrum and experimental OKE spectrum yielded good agreement between the two, especially in the low-frequency region. This indicates that, despite the approximate nature of the force-field model employed in our study, it captures key reorientational, translational, and low-frequency vibrational motions of ions correctly and nearly at the quantitative level. In this respect, our analysis here contributes important insight into understanding of individual and collective ion dynamics in EMI + ETS The Journal of Physical Chemistry B Article
